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HW1 ςNGS Workflows for Forensic Genetics
Type: Half Day Workshop, Lecture 

Date & Time: Monday, 9 September (9:00-13:00)

Peter M. Vallone, Ph.D.

Leader, Applied Genetics Group NIST

September 9, 2019 

Prague, Czech Republic

Our day together (4 hours)

Å9:00 ς10:30 AM: Introduction & Workflow 1

Å10:30 ς11:00 AM: Coffee Break!

Å11:00 AM ς1:00 PM: Workflows 2 & 3

Slides and supporting information can be found at:
Google drive link
https://drive.google.com/drive/folders/1cbqsnBaEgivRkYIxNr2r2LtBFibvafvk
Or use

https://tinyurl.com/yyfwe8jc

This information was sent out by email prior to the workshop

https://drive.google.com/drive/folders/1cbqsnBaEgivRkYIxNr2r2LtBFibvafvk
https://tinyurl.com/yyfwe8jc
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Who is out there?
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By Country
Austria, 4

Croatia, 1

Czech Republic, 2

Denmark, 2

Estonia, 1

NA, 1

France, 1

Germany, 7

Iran, 1

Israel, 3

Italy, 4Japan, 3Luxembourg, 2

New Zealand, 1

Norway, 3

Qatar, 1

Saudi Arabia, 1

South Korea, 2

Spain, 1

Thailand, 1

The Netherlands, 4

UK, 2

United Arab Emirates , 2

UAE, Dubai, 1
USA, 2
Brazil, 1 Singapore, 1
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Å There is an interest in sequencing as a forensic workflow
Å PCR-Sequencing

Å Differs from traditional PCR-CE workflow
Å How?
ÅWhat is the same?
ÅWhat is different?

Why sequence?

ÅMore markers ςhigher multiplexing capability (versus CE-based methods)

ÅMore information ςmore markers and sequence level resolution

ÅEnd goal:Access to this additional information will support forensic 
casework applications 
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Why sequence STRs?
ÅSequencing of STRs
ÅSTR motif sequence variation; flanking region variation (more polymorphic)

ÅFurther understand simple versus complex repeat motifs

ÅCharacterize stutter

ÅApplications
ÅOne to one matching? ςRMPs with 20 STR markers are already quite low (>10-20)

ÅPartial profiles

ÅKinship

ÅLength-based allele calls are back compatible with existing databases

ÅMixtures
ÅResolve alleles identical by length, but differ by sequence

ÅSeparate stutter from low level contributors (based on sequence)

ÅA sequenced allele mayhave a lower frequency (resulting in a higher LR)

Gettings et al. (2018) Sequence-based US population data for 27 autosomal STR loci. Forensic Sci Int Genet 37:106-115.
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Sequencing other marker systems: applications

ÅMitochondrial DNA sequencing
ÅControl region and/or full genome

ÅSNPs
ÅAncestry, Identity, Phenotype, Microhaplotypes (closely linked SNPs)

ÅIn the future?
ÅNon-targeted sequencing, RNA targets, metagenomics, epigenetics

ÅNew technologies, methods, marker systems

Higher throughput than Sanger methods
Measure lower levels of heteroplasmy
Easier workflow ?

ÅO003: DEVELOPMENT AND OPTIMIZATION OF THE VISAGE PROTOTYPE TOOLS FOR BIO-GEOGRAPHIC                      
ANCESTRY AND APPEARANCE TRAITS INFERENCE USING TARGETED MPS

ÅO007: COMPARISON OF CE- AND MPS-BASED ANALYSES OF FORENSIC MARKERS WITH SINGLE CELL AFTER                  
WHOLE GENOME AMPLIFICATION

ÅO008: PRESENTATION OF THE HUMAN PIGMENTATION (HUPI) AMPLISEQ CUSTOM PANEL

ÅO009: PREDICTIVE DNA ANALYSIS OF HUMAN HEAD HAIR GREYING USING WHOLE-EXOME AND TARGETED                       
NGS DATA EXAMINED WITH DEEP LEARNING METHODS

ÅO010: A COMPARISON OF DNA METHYLATION TECHNOLOGIES AND PERFORMANCE OF AGE PREDICTION MODELS

ÅO015: COMPARISON OF CE AND MPS BASED ANALYSIS FOR THE PROBABILISTIC INTERPRETATION OF MIXED STR PROFILES

ÅO017: THE FIRST MPS-STR BASED CONVICTION IN A CRIMINAL CASE?

ÅO018: ENHANCING STR SEQUENCE ALLELE REPRESENTATION FOR PROBABILISTIC GENOTYPING

ÅO019: A MASSIVELY PARALLEL SEQUENCING ASSAY OF MICROHAPLOTYPES FOR MIXTURE DECONVOLUTION

ÅO059: TAXONOMY-INDEPENDENT DEEP LEARNING MICROBIOME APPROACH FOR ACCURATE CLASSIFICATION OF 
FORENSICALLY RELEVANT HUMAN BIOMATERIALS USING TARGETED MPS

ÅO060: PERFORMANCE OF ENVIRONMENTAL DNA METABARCODING IN SOIL TRACE MATCHING AND PROVENANCING

ÅO063: SPECIES IDENTIFICATION USING MASSIVELY PARALLEL SEQUENCING ςDETECTING MULTIPLE SPECIES IN MIXED 
SOURCES

ÅO065: WHOLE-GENOME SEQUENCING OF NEISSERIA GONORRHOEAE IN A FORENSIC TRANSMISSION CASE

ÅO066: WHOLE TRANSCRIPTOME ANALYSIS OF AGED BIOLOGICAL CRIME SCENE TRACES

This week
Phenotype-Ancestry

Single cell
Methylation ςAge prediction

Mixtures
Casework

Microbiome
RNA
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!ŘŘƛǘƛƻƴŀƭ ǊŜƭŀǘŜŘ ǿƻǊƪǎƘƻǇǎΧ

Targeted Sequencing

Å²Ŝ ǿƛǎƘ ǘƻ ǎŜǉǳŜƴŎŜ ΨƻǳǊΩ ƳŀǊƪŜǊǎ ό{¢wǎΣ {btǎΣ ƳǘDŜƴƻƳŜύ

Å̧ ƻǳ ƳƛƎƘǘ ΨǎŜŜΩ ǘƘŜǎŜ ƳŀǊƪŜǊǎ ƛƴ ǿƘƻƭŜ ƎŜƴƻƳŜ ǎŜǉǳŜƴŎƛƴƎ όǎƘƻǘƎǳƴύ
ÅLow coverage
ÅIssues with STR regions
ÅCan be more bioinformatically challenging
ÅLƴŜŦŦƛŎƛŜƴǘ ǳǎŜ ƻŦ ǘƘŜ ǎŜǉǳŜƴŎƛƴƎ ΨǎǇŀŎŜΩ

ÅCƻǊ ƴƻǿΧƛǘ ǎŜŜƳǎ ǘƘŀǘ ŦƻǊŜƴǎƛŎ ƎŜƴŜǘƛŎǎ ǿƛƭƭ ƛƳǇƭŜƳŜƴǘ ŀ ǘŀǊƎŜǘŜŘ 
approach

And would require more sample 100 ng ς1 µg
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Is Sequencing more sensitive?

ÅMore sensitive than what? CE-based testing?

ÅTargeted sequencing is PCR-based
ÅStill using PCR, stochastic effects are encountered at low amounts of DNA
ÅExpect similar levels of sensitivity (in terms of generating PCR products)

ÅΨ{ŜƴǎƛǘƛǾŜΩ Ŏŀƴ ŀƭǎƻ ǊŜƭŀǘŜ ǘƻΥ ƳƻǊŜ ƳŀǊƪŜǊǎΣ ƳƻǊŜ ƛƴŦƻǊƳŀǘƛƻƴΣ ƛƳǇǊƻǾŜŘ 
matching statistics

ÅSequencing methods mayallow for a deeper understanding of S/N and 
artifacts

Comparing workflows ςtargeted sequencing

Collection Extraction Quant PCR CE EPG

Collection Extraction Quant PCR Library Prep Sequencing FASTQ

²ŜΩƭƭ ǎǇŜƴŘ Ƴƻǎǘ ƻŦ ƻǳǊ ǘƛƳŜ ƘŜǊŜ ǘƻŘŀȅ

PCR-Capillary Electrophoresis

PCR-Sequencing
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Library preparation

Collection Extraction Quant PCR
Library 
Prep

Sequencing FASTQ

Add sequence 
adapters

PCR or ligation

Purify Quantify Normalize Pool

DŜƴŜǊŀƭΧǿŜΩƭƭ ƎŜǘ ƛƴǘƻ ǎǇŜŎƛŦƛŎǎ ǘƻŘŀȅ

Goal: prepare PCR products for sequencing

Outline for today

We will discuss various sequencing workflows

1. Sequencing method: targeted PCR & library preparation

2. Sequencing platform

3. Data analysis: brief examples
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Select listing of commercial sequencing workflows
Assay Platform Associated

Software
Markers

ForenSeq DNA Signature Prep Kit MiSeq FGx UAS auSTRs, Y STRs, X STRs and SNPs

ForenSeq mtDNA Control Region Solution MiSeq FGx UAS Mitochondrial control region (WG soon?)

PowerSeq 46GY System MiSeq Open auSTR and Y STRs

PowerSeq CRM Nested System, Custom MiSeq Open Mitochondrial control region (and WG )

Precision ID SNP Identity Panel S5 Converge Identity SNPs

Precision ID SNP Ancestry Panel S5 Converge Ancestry SNPs

Precision ID STR GlobalFiler NGS STR Panel v2 S5 Converge Autosomal STRs

Precision ID mtDNA Whole Genome Panel S5 Converge Whole mitochondrial genome

Precision ID mtDNA Control Region Panel S5 Converge Mitochondrial control region

Precision ID SNP Phenotype Panel S5 Converge SNPs

GeneReader DNAseq Targeted Panels V2 Illumina/S5 CLCBio - open Mito, SNPs

UAS =  Universal Analysis Software
List not exhaustive ςjust some common examples

Focus of the NGS workflows for today

PowerSeq  
46 GY System MiSeq

STRait Razor

toaSTR
STRs

ForenSeq 

DNA Signature 
Prep Kit

MiSeq FGx
Universal 
Analysis 

Software (UAS)

STRs,

SNPs

Precision 
ID Panels

S5 Converge
STRs, 
SNPs

Verogen/Illumina

Thermo Fisher

Promega/Illumina

assay instrument software markers

Time permitting we will also discuss mitochondrial control region and whole mito genome sequencing 
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Additional Sequencing Technologies

ÅQIAGEN GeneReader
ÅSequencing by synthesis approach

ÅQIACube NGS (for automated library preparation)

ÅQIAGEN has also purchased CLC bio

ÅOxford Nanopore (MinION)
ÅRatcheting strand of DNA 

through a protein manifold

ÅBases are detected by a 

difference in current

Additional Sequencing Technologies

ÅPacBio

ÅBases are incorporated and detected in real-time

ÅNo PCR needed

ÅLong reads - 1000s of bases

https://www.pacb.com/wp-content/uploads/Infographic_SMRT-Sequencing-How-it-Works.pdf

https://www.pacb.com/wp-content/uploads/Infographic_SMRT-Sequencing-How-it-Works.pdf
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Disclaimer

ÅI am not covering all possible workflows that might apply to forensic genetics

ÅI hope that the ones we discuss to today are useful to illustrate the methods and 
techniques you will encounter

ÅNot my intention to suggest that one method or platform is best

ÅIt is up to you to decide want you need (cost, time, steps, automation, 
information, ease of use, throughput, data, marker systems, etc.)

ÅMore information can be found in the manuals and specific literature

Acknowledgments 

ÅVerogen
ÅJohn Walsh

ÅMeghan Didier

ÅMelissa Kotkin

ÅThermo Fisher
ÅMatt Gabriel

ÅChantal Roth

ÅtoaSTR
ÅSebastian Ganschow

ÅNIST
ÅKevin Kiesler

ÅSarah Riman

ÅKatherine Gettings

ÅLisa Borsuk
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NGS workflow #1

ForenSeq 

DNA Signature 
Prep Kit

MiSeq FGx
Universal 
Analysis 

Software (UAS)

STRs,

SNPs
Verogen/Illumina

assay instrument software markers
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CƻǊŜƴ{Ŝǉϰ 5b! {ƛƎƴŀǘǳǊŜ tǊŜǇ ƪƛǘ  - MiSeq FGx

Jäger AC, Alvarez ML, Davis CP, et al. Developmental validation of the MiSeq FGx Forensic Genomics System for targeted next generation sequencing in forensic 
DNA casework and database laboratories. ForensicSciInt. 2017;28: 52-70

What is the overall goal of library preparation?

ÅTo prepare the PCR products for the sequencer

Å/ŀǇǘǳǊŜ ŀ ΨǎƴŀǇǎƘƻǘΩ ƻŦ ǘƘŜ t/w ǇǊƻŘǳŎǘǎ όǊŀǘƛƻǎΣ ŀōǳƴŘŀƴŎŜύ

ÅWe want to avoid
ÅAny bias that favors a product based on size, sequence, abundance

ÅUneven yields or representation across samples

ÅInefficient use of the sequencing capability 
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ForenSeq (Sequenced on MiSeq FGx)

Targeted PCR
(tags added)

Enrich Targets
(indices added)

Purify libraries

Normalize 
libraries

Pool libraries
Denature and 
prepare for 

loading

Step: Targeted PCR (PCR 1)

²ƻǊƪŦƭƻǿΥ CƻǊŜƴ{Ŝǉϰ 5b! {ƛƎƴŀǘǳǊŜ tǊŜǇ ƪƛǘ

Purpose: Targeted amplification of STRs/SNPs
Target 1 ng of gDNA
18 PCR cycles
5 µL of DNA extract
15 µL total volume

Target Region

fPrimer

rPrimer

PCR 1

Target RegionSeq1 fPrimer Seq2rPrimer

Amplified Target
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Step: Enrich targets (PCR 2)

²ƻǊƪŦƭƻǿΥ CƻǊŜƴ{Ŝǉϰ 5b! {ƛƎƴŀǘǳǊŜ tǊŜǇ ƪƛǘ

Purpose: Add indices and P5/P7 sequences to the PCR products

PCR 1 products
15 µL volume
15 PCR cycles

Perform in a different room 
(not in the original PCR 1 environment)

Target RegionSeq1 fPrimer Seq2rPrimer

i5 indexP5

i7 index P7

Target RegionSeq1 fPrimeri5 indexP5 i7 index P7Seq2rPrimer

Enrich targets, add indices 
and P5/P7 sequences

Seq1
Complement

Seq2
Complement

Index Adapters
i5 index name i7 index name

A501 TGAACCTT R701 ATCACG

A502 TGCTAAGT R702 CGATGT

A503 TGTTCTCT R703 TTAGGC

A504 TAAGACAC R704 TGACCA

A505 CTAATCGA R705 ACAGTG

A506 CTAGAACA R706 GCCAAT

A507 TAAGTTCC R707 CAGATC 

A508 TAGACCTA R708 ACTTGA

R709 GATCAG

R710 TAGCTT

R711 GGCTAC

R712 CTTGTA

tрΥ рϥ !!¢ D!¢ !/D D/D !// !// D! оΩ 
P7: 5' CAA GCA GAA GAC GGC ATA CGA GAT 3'

i5 indexP5 i7 index P7
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R701 R702 R703 R704 R705 R706 R707 R708 R709 R710 R711 R712

A501A501 R701A501 R702A501 R703A501 R704A501 R705A501 R706A501 R707A501 R708A501 R709A501 R710A501 R711A501 R712

A502A502 R701A502 R702A502 R703A502 R704A502 R705A502 R706A502 R707A502 R708A502 R709A502 R710A502 R711A502 R712

A503A503 R701A503 R702A503 R703A503 R704A503 R705A503 R706A503 R707A503 R708A503 R709A503 R710A503 R711A503 R712

A504A504 R701A504 R702A504 R703A504 R704A504 R705A504 R706A504 R707A504 R708A504 R709A504 R710A504 R711A504 R712

A505A505 R701A505 R702A505 R703A505 R704A505 R705A505 R706A505 R707A505 R708A505 R709A505 R710A505 R711A505 R712

A506A506 R701A506 R702A506 R703A506 R704A506 R705A506 R706A506 R707A506 R708A506 R709A506 R710A506 R711A506 R712

A507A507 R701A507 R702A507 R703A507 R704A507 R705A507 R706A507 R707A507 R708A507 R709A507 R710A507 R711A507 R712

A508A508 R701A508 R702A508 R703A508 R704A508 R705A508 R706A508 R707A508 R708A508 R709A508 R710A508 R711A508 R712

96 unique combination can be created from 
the eight i5 and twelve i7 indices

Sample Demultiplexing Using Index Sequences

Sample 1 Sample 2 Sample 3 Sample 4 Sample 5

Sample 9Sample 8Sample 7Sample 6 Sample 10

Multiple Samples can be sequenced together...... then sorted by index 

Slide courtesy of Meghan Didier (Verogen)
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STR/SNP

Forward PCR primer Reverse PCR primer

Tag that allows 
for P5 and i5 to 
be incorporated 

by PCR 
and is the 

sequencing 
primer binding 

site

Tag that allows 
for i7 and P7 to 
be incorporated 

by PCR
and is the 

sequencing 
primer binding 

site 

P5 sequence 
that will bind to 

the flow cell

P7 sequence 
that will bind to 

the flow cell

Combinations of i5 (8 nt) and i7 (6 nt) will allow for sample barcoding

Target RegionSeq1 fPrimeri5 indexP5 i7 index P7Seq2rPrimer

Step: Purify libraries

²ƻǊƪŦƭƻǿΥ CƻǊŜƴ{Ŝǉϰ 5b! {ƛƎƴŀǘǳǊŜ tǊŜǇ ƪƛǘ

Purpose: Purify amplified libraries

Prepare bead suspension
Pipette 45 µL of bead suspension into plate
Pipette 45 µL of PCR into bead
Shake 1800 rpm for 2 min
Let sit for 5 min
Place on magnetic stand for 2 min (until clear)
Wash with 200 µL 80% EtOH ς2 times
Add 52.2 µL of resuspension buffer to each well
Shake 1800 rpm for 2 min
Place on magnetic stand for 2 min (until clear)
Recover 50 µL in a fresh plate

Purified 
adapted 

libraries are 
recovered

Excess PCR 
reagents are 
washed off

Adapted 
PCR libraries 
bind to the 

beads

PCR 
reaction is 
mixed with 

beads

Result: purified adapted PCR products
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Beads! Beads! Beads!

Solid Phase Reversible Immobilization (SPRI) 
Paramagnetic  = magnetic only in a magnetic field

Polystyrene core surrounded by a layer of magnetite
coated with carboxyl molecules

In the presence of PEG and salt (e.g. 20% PEG and 2.5 M NaCl) the 
DNA is driven to bind to the negatively charged surface

Wash or clean up (80% EtOH solution)
Resuspend

The ratio of SPRI:DNA can tune the length of DNA fragments bound

PEG

https://www.broadinstitute.org/genome-sequencing/broadillumina-genome-analyzer-boot-camp

As the concentration of beads 
decreasesthe size of the DNA 

captured increases

Sample purification and size selection can be accomplished using magnetic beads

https://www.broadinstitute.org/genome-sequencing/broadillumina-genome-analyzer-boot-camp
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Step: Normalize libraries

²ƻǊƪŦƭƻǿΥ CƻǊŜƴ{Ŝǉϰ 5b! {ƛƎƴŀǘǳǊŜ tǊŜǇ ƪƛǘ

Purpose: Ensure that libraries of varying yields are equally represented within the sequencing run
By normalizing the concentration of the libraries, while preserving the content of each library, post-PCR 
quantification and individual PCR product normalization are not necessary

Mix beads and pure library ς30 min
Different than the previous purification ςone strand of the library adapter maybe biotinylated (beads would be coated with streptavidin)
Beads bind a fixed amount of library (ideally without bias; locus/adapter size)
2x EtOH wash
Wash with NaOH which denatures the library adapter ςleaving single stranded free in solution (denatured and ready for pooling)
Recover and add to storage buffer

Normalized 
concentration 
of ssDNA is 
ready for 
pooling

Single 
stranded DNA 
ƛǎ ΨƳŜƭǘŜŘΩ ƻŦŦ 

the bead

Binding 
reagents are 
washed off

A fixed 
amount of 

library binds 
to the beads

Pure libraries 
are bound to 

beads
30 min

Approx. 2 nM of library post bead normalization

ForenSeq Library Preparation 
Bead Normalization

Bead-based Normalization
1. Equal volume of beads added to each well
2. Beads bind equal amount of product per well
3. Excess removed
4. Products eluted off beads

Sample Pooling:
Pool 5 µl of each desired library

Normalized libraries:
Equally represented

Purified libraries: 
Range of yields

Slide courtesy of Meghan Didier (Verogen)
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Streptavidin and Biotin

https://en.wikipedia.org/wiki/Streptavidin
https://en.wikipedia.org/wiki/Biotin

Biotin

Streptavidin (SA)

Dissociation constant (Kdύ Ғ мл-14

+

DNA can be labeled with biotin moieties
Magnetic beads can be coated with SA

The SA-Biotin complex is stable to 
organic solvents, denaturants, 

detergents, temperature, and pH

Very useful for biotech separation 
applications

Biotin

.ƛƻǘƛƴ ŎƻǳƭŘ ōŜ ŀǘǘŀŎƘŜŘ ŀǘ ƻƴŜ ƻŦ ǘƘŜ рΩ ŜƴŘǎ ƻŦ ǘƘŜ ƭƛōǊŀǊȅ ƳƻƭŜŎǳƭŜ

Step: Pool libraries

²ƻǊƪŦƭƻǿΥ CƻǊŜƴ{Ŝǉϰ 5b! {ƛƎƴŀǘǳǊŜ tǊŜǇ ƪƛǘ

Purpose: Combines equal volumes of normalized library to create a pool of libraries that are sequenced 
together on the same flow cell

Collect and pool normalized libraries
Collect across the plate in a 8 strip tube ςthen pooled into a single tube

https://www.illumina.com/products/by-type/sequencing-kits.html

flow cell

https://en.wikipedia.org/wiki/Streptavidin
https://en.wikipedia.org/wiki/Biotin
https://www.illumina.com/products/by-type/sequencing-kits.html
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MiSeq FGx Sequencing

Load

Å Preloaded single use reagent cartridge

Å Positive consumables tracking

Å Auto flow cell positioning

Å Walkaway automation

Slide courtesy of Meghan Didier (Verogen)

Step: Sequencing

²ƻǊƪŦƭƻǿΥ CƻǊŜƴ{Ŝǉϰ 5b! {ƛƎƴŀǘǳǊŜ tǊŜǇ ƪƛǘ

Purpose: Sequence the PCR products

Note: we will not be covering how to set up a specific instrument, loading the system, operational software, etc.
¢Ƙƛǎ ƛǎ ŎƻǾŜǊŜŘ ƛƴ ǘǊŀƛƴƛƴƎ ƳŀǘŜǊƛŀƭǎΣ ǎƻŦǘǿŀǊŜ ΨǿƛȊŀǊŘǎΩ

(Fluorescent) Sequencing by synthesis

ÅThe library you created is hybridized to a flow cell
ÅLƴŘƛǾƛŘǳŀƭ ǎǘǊŀƴŘǎ ŎǊŜŀǘŜ ΨŎƭǳǎǘŜǊǎΩ ǘƘǊƻǳƎƘ ōǊƛŘƎŜ ŀƳǇƭƛŦƛŎŀǘƛƻƴ
ÅSequencing proceeds one base per cycle
ÅEach A, G, C, T has a unique fluorescent dye attached
ÅFour images of the flow cell per cycle allows for the assignment of sequence at each cluster


